If abrupt climate change has occurred in the past and may be more likely under human forcing, it is relevant to look at the adaptability of current infrastructure systems to severe conditions of the recent past. Geologic evidence suggests two extreme droughts in California during the last few thousand years, each 120-200 years long, with mean annual streamflows 40% -60% of the historical mean. This study synthesized a 72-year drought with half of mean historical inflows using random sampling of historical dry years. One synthetic hydrological record is used and sensitivity to different interpretations of the paleorecord is not evaluated. Economic effects and potential adaptation of California's 1 water supply system in 2020 to this drought is explored using a hydro-economic optimization model. The model considers how California could respond to such an extreme drought using water trading and provides best case estimates of economic costs and effects on water operations and demands. Results illustrate the ability of extensive, intertied, and flexible water systems with heterogeneous water demands to respond to severe stress. The study follows a different approach to climate change impact studies, focusing on past climate changes from the paleo record rather than downscaled general circulation model results to provide plausible hydrologic scenarios. Adaptations suggested for the sustained drought are similar for dry forms of climate warming in California, and are expensive but not catastrophic for the overall economy, but would impose severe burdens on the agricultural sector and environmental water uses.
INTRODUCTION
Abrupt and widespread climate changes with major impacts have occurred repeatedly in the past and it is conceivable that human activity is increasing the probability of largescale, rapid changes. Economic and ecological impacts of new climatic conditions on existing systems could be large and potentially serious. These impacts and the measures available to adapt current systems to severe conditions should be considered by policymakers . After abrupt change, it would be necessary to adapt existing infrastructure and management practices to new conditions. Although recent humaninduced climate change may drastically change historical climate patterns, given the uncertainty of future climate water managers often rely on hydrologic conditions from the recent past to make decisions [Loaiciga, 2005] . Reconstructions of large paleodroughts (historical droughts deduced from geological records) provide an additional method of characterizing extreme climate periods to help evaluate existing system robustness under severe droughts, identify infrastructure and institutional adaptation measures, and take a long-term perspective on drought management policy.
Climate varies over decades, even centuries, sometimes having precipitation rates and other climate characteristics well beyond historical-scale variability. In the past decade future climate warming has raised concerns for how managed water systems could perform and adapt under very different climates. The development of hydrologic scenarios for such studies typically relies on general circulation models of climate (GCMs) with coarse results downscaled to local precipitation and temperatures, for use in basin rainfall-runoff models. These studies are rarely definitive because of the everevolving and multiplying nature of GCM models, the difficulties and uncertainties of downscaling, and the uncertainties of rainfall-runoff models applied to circumstances and climates likely to be very different from those under which rainfall-runoff models were calibrated. Furthermore, changes predicted by these models mostly occur at the decadal to century scale, giving societies ample time to adapt their infrastructure and management practices. This being said, most GCMs in North America have shown a reduction of snowpack which should increase vulnerability to drought [Christensen, et al., 2004; Stewart, et al., 2004] .
The geologic record has shown repeatedly that environmental change can come swiftly, with climate-driven hydrologic changes the main reason for shifts. This study takes a different and more extreme approach to examining water management under climatic change by focusing on severe and prolonged droughts from the paleorecord. Indications of severe and sustained mediaeval droughts in the past thousand years in California [Stine, 1994] are the basis in this study for developing a synthetic severe drought record for California. A synthetic drought of 72 years based on geologic observations is used in an economic-engineering optimization model of water management in California. The results provide a preliminary indication of the ability of California's water management system to respond to such severe, but apparently not unprecedented droughts, and provide insights into the potential magnitude and management of drought disasters for the state.
Use of the paleohydrologic record inscribed in historical, biological or geological memory is an accepted but infrequent approach in hydrologic engineering. One method is dendrohydrology, or tree ring research. Loaiciga et al. [1993] and Loaiciga [2005] describe how tree-ring based hydrologic reconstructions can help discern patterns of long-term hydrologic variability and aid in storage infrastructure design; Cook et al. [1999] and Meko et al. [1995] use the technique to identify historical droughts in the United States. Stedinger and Cohn [1986] and others have found historical and paleohydrologic information beneficial in flood frequency analysis.
Drought impacts on water resource and economic systems can be significant. simulate current system wide effects of a 38 year Colorado River paleodrought.
They identify equity of allocation between states, loss of water quality, and loss of hydropower as major issues. Sangoyomi and Harding [1995] and Booker [1995] evaluate possible institutional responses to prolonged drought for the Colorado River System. Economic impacts of droughts can be considerable, particularly in agricultural economies where supply cannot be economically obtained by other means. Hydro-economic models [Harou, et al., submitted] can help evaluate the economic costs of water scarcity during droughts and propose engineering and institutional responses [Booker, 1995; Booker, et al., 2005; Ward, et al., 2006] . Our study shares this economic-engineering method .
EXTREME PALEODROUGHTS IN CALIFORNIA
Several geologic, dendrohydrologic (tree-ring), and other studies of Holocene (geological epoch beginning 12,000 years ago) in California indicate severe and sustained droughts (up to 200 years) in the last millennium [Brunelle and Anderson, 2003; Cook, et al., 2004; Ingram, et al., 1996; Starratt, 2001; Stine, 1990a; 1994] . According to Stine [1990a; 1994] , two major droughts occurred in the last millennium, roughly from 930-1130 AD, and from 1250-1350. During these two droughts, levels of Mono Lake and other Sierra Nevada Lakes declined well below recent diversion-induced lows, as evidenced by in-situ mature tree-trunks dated from these periods. These tree-ring records, with carbon dating, indicate prolonged droughts severe and sustained enough to reduce inflows to Mono Lake by 40-60% during the drought, without any period of wet years sufficient to raise the lake level enough to inundate and drown these trees. These droughts were apparently not unique to the Mono Basin. Along the Sierra Nevada range, there are similar indications of sustained drought during these same periods [Stine, 1994] .
For many large (Tahoe) and small (Tenaya) Sierra Nevada Lakes, inflow was reduced sufficiently to prevent many natural lakes from over-topping their current rims and contributing to Central Valley streamflows, as evidenced from tree stumps dated from this period lying below these lake outlet elevations.
There is some evidence to dispute the spatial and temporal extent of these extreme droughts. Meko, et al. [2001] develop a tree-ring based hydrology from the Sacramento River from A.D. 869 to 2000 which shows several low flow periods during the Stine droughts but does not support their uninterrupted nature. The Sacramento River is the largest single source of water for California's urban and agricultural water supply system. However, Meko et al. [2001] support that "the tree-ring record also suggests that persistently high or low flows over 50-year periods characterize some parts of the longterm flow history". Pollen-based reconstructions of climate by Davis [1999] generally match the Mono Lake fluctuations proposed by Stine [1990a] , although fewer fluctuations are recorded. A sufficient number of studies identify periods of prolonged drought in the past to warrant the attention of current water managers and leads to the question whether such long-term fluctuations are observed more recently.
Meko and colleagues identify a 20 year drought in the late 1500s with mean annual Colorado River flow at 80% of historical mean [Meko, et al., 1995; Meko and Woodhouse, 2005] . These studies and others like them show prolonged drought is not restricted only to the geologic past and naturally dry periods in addition to humaninduced warming remain a possibility. Furthermore, these studies point to the possibility of abrupt climate change, which from a water management perspective is very different from the drying trends investigated in most GCM-led adaptation studies [Hulme, 2003] .
Because larger, faster and less-expected climate changes can cause more problems for economies and ecosystems, paleoclimatic data suggest the future may be more challenging than anticipated in current policy making .
METHOD

Synthetic drought
The character of the two droughts chosen for study in this work are of a sustained 100-200 year nature, with mean flows averaging 40-60% of current mean flows, and devoid of single of multiple very wet years sufficient to over-top these natural lake rims. A synthetic hydrologic record for a similar extreme drought covering all of California was developed by re-sampling surface flows from the historical record . The synthetic a set of hydrologic inflows averages 53% of the historical mean. This was done by random re-sampling from the ten driest years of record, since no "wet" years seemed to have occurred in the extreme droughts in the geologic record [Stine, 1994] . The same ordering of dry years was used to establish time series of surface water inflows (Error! Reference source not found.), groundwater inflows, local accretions (intra-basin runoff), seepage losses in rivers and environmental minimum flows for California's water resource system. Most hydrologic time-series are taken from the CALSIM simulation model [Draper, et al., 2004] . Figure 1 shows how the persistent nature of the drought is captured by the synthetic record. Average total inflow to modeled areas is reduced from 48 km 3 (historical) to 25.6 km 3 for the synthetic drought (39 to 21 maf, million acre-feet).
Sensitivity of model results to the particular random sequence of dry years was not evaluated for several reasons including the time required to interpret the large quantity of results from a single run. Because the variability of inflows within the 10 driest years of record is low (Error! Reference source not found.), and because the multi-period optimization model stores water optimally over time to avoid the worst shortfalls, the actual sequence of more or less 'wet' dry years is relatively insignificant in the context of this study. Results aren't given for particular periods of the time horizon; rather we present only broad responses over the entire time horizon
Hydro-economic model
The CALVIN (CALifornia Value Integrated Network), hydro-economic optimization model of water supply management covers the entire inter-tied water supply system of California (Error! Reference source not found.) [Draper, et al., 2003 ]. It includes all major inflows, surface and groundwater reservoirs, conveyance infrastructure, pumping, water and wastewater reuse treatment, and potential desalination facilities. No hydrologic modeling is performed in CALVIN; it is a management model that uses pre- [Howitt, et al., 2001] and urban demand curves were taken from published sources . Examples of such functions are given by Draper et al. [2003] . Operating costs for pumping, artificial recharge, desalination and water treatment also are included.
CALVIN employs the Prescriptive Reservoir Model (HEC-PRM ) software [USACE, 1999] as its computational and organizational core. HEC-PRM uses a computationally efficient generalized network flow linear optimization formulation that represents the system as a network of nodes and links. The model minimizes costs subject to flow continuity at nodes and capacity constraints on links; it can be written Min  subject to , 
Scenarios
The model has been applied previously with perturbed historical hydrologic inflows derived from GCM models to represent climate warming [Medellín-Azuara, et al., 2008; Tanaka, et al., 2006] . Here, the perturbed hydrology is a synthetic time-series designed to approximate one of California's major medieval droughts. We investigate economic and water management effects if a severe dry period would befall the current system, and compare it with operation under current climate and management.
Three scenarios are modeled with water management infrastructure and water demands for the year 2020: a) A 'Base Case' constrains operations and allocation policies to emulate historical allocation policies, b) a 'Historical' climate scenario optimizes assuming institutional flexibility and economically-driven operation with historical hydrology and c) a 'Drought' scenario optimizes assuming institutional flexibility and economically-driven operation with the extreme drought hydrology. The base case scenario reflects historical operating policies (e.g. water rights) and climate; its results are heavily constrained to emulate CALSIM simulation model results [Draper, et al., 2004] .
CALSIM aims to reproduce historical allocations and reservoir operations. Optimized scenarios b) and c) involve best-case costs and operations that could occur under economically optimal and institutionally unconstrained management.
RESULTS
Water scarcity and its economic cost
Water scarcity is defined here as the difference between modeled water deliveries and the water that users would use at zero marginal cost (target demands). Urban scarcity is concentrated mostly in southern California (Error! Reference source not found.) and changes little among the three scenarios ( River flows and limited conveyance capacity to urban coastal areas (limiting the ability to export Colorado River water there). These flows are secure because California has the first priority water right to flow of the Colorado River [Norviel, et al., 1922] ; in addition, farmers in the southern Californian desert have senior water rights to much of the Colorado River flow. So flows from Colorado are fixed in the model and do not reflect potential drought in that area.
Scarcity costs are calculated as the lost economic benefits to water demand areas if they receive less than their target demand. Urban scarcity costs are high in southern California due to infrastructure constraints, primarily the limited capacity of Colorado aqueduct; see Table 5 . In the base case these costs are even higher due to additional water right constraints (Error! Reference source not found.) such as the historical water rights of Imperial, Palo Verde and Coachella irrigation districts, together amounting to 86% of California's Colorado River allocation.
Scarcity costs for the extreme drought under economically optimal operations are greatest for the agricultural sector except in southern California where urban scarcity costs dominate. Agricultural scarcity is low in the base case and historical scenarios, but increases greatly with the drought (Table 1) . Scarcity costs are an order of magnitude larger in the drought than in the historical scenario. For the base case, permanent water rights transfers in southern California since 1997 are not taken into account; if they were, base case urban scarcity in southern California would decrease. The appearance of urban scarcity costs and high willingness-to-pay for more water in Northern California are also significant in the extreme drought.
Operating costs
Operating costs and average unit operating costs incurred in the modeled scenarios appear in Table 2 . These are obtained by multiplying estimated unit costs (pumping, treatment) of conveyance through a link by the amount of water passing through that link.
These describe variable operating costs incurred through activities such as pumping and treating water. Both optimized scenarios produce similar total operating costs because the drought scenario involves lower deliveries which reduces pumping costs. The unit costs are higher for the extreme drought as would be expected since existing resources are more actively managed. Operating costs are always at least twice the scarcity costs, implying rises in energy costs could significantly affect operations and total cost.
Adaptive actions: infrastructure and trading
California has a wide variety of options to adapt to the water supply effects of a severe and prolonged drought. These options include traditional water supply reservoir operations, conjunctive use of surface and ground waters, urban and agricultural water use efficiency practices, desalination, water reuse and water markets. Optimization Larger water scarcities give economic incentives for owners of high-priority water rights with low-valued water uses to sell water to more economically productive water uses.
This water market is implicit in the objective function of the optimization model and is increasingly characteristic of California's water management. Water markets facilitate both re-allocation of water from agriculture to growing urban uses, as well as more economical operation of water resources to improve technical operating efficiency [Harou and Lund, 2008; Pulido-Velazquez, et al., 2004] . This reallocation is evidenced in Error! Reference source not found. and Error! Reference source not found. by the relative shift of water scarcity from urban to agricultural uses (limited in southern California by conveyance capacities).
Water transfers are effective enough to preclude need for sea water desalination in either optimized scenarios at the conservative cost of $1.14/m 3 . Average annual waste-water reuse increases 40% from 91 million cubic meters (mcm) in the optimized historical scenario to 128 mcm/year with the extreme drought.
Marginal economic values
Average and monthly willingness-to-pay for additional water deliveries are produced for each individual economic demand area (Appendix). Willingness-to-pay is estimated by looking up monthly model deliveries in the water demand functions and reporting the slope (in $/tcm). In the optimized historical scenario, the economic willingness-to-pay for additional water is very small in much of California. For the extreme drought, willingness-to-pay for additional water (or its equivalent from reuse or efficiency actions) greatly increases. Agricultural willingness-to-pay for additional water often exceeds $100/tcm (thousand cubic meters), precluding lower-value crops for the extreme drought.
Urban willingness-to-pay for additional water in Southern California commonly exceeds $700/tcm, reflecting physical capacity limits for importing water to southern California.
In Northern California, urban willingness-to-pay for additional water is very low, since urban users can purchase supplies from lower-valued agricultural uses.
Environmental flows in the model are represented with constraints for minimum streamflows and water deliveries to wetlands. Time-series constraints were taking from existing operations models [Draper, et al., 2003] . The model does not recommend new environmental flow standards, but rather indicates i) the physical unavailability of water to sustain current environmental flow levels with such a sustained drought and ii) the economic value of water used for non-economic ecological purposes. To ensure computational feasibility of the severe drought model (i.e. not violate mass-balance), environmental flow had to be reduced compared to those required for the historical model (Table 3) . Environmental flows are reduced by various amounts (between 3% and 67%), some locations requiring large reductions. Most reductions occur through sampling environmental flow requirements of driest years as explained in the synthetic hydrology section; a few additional reductions had to be made for the solver to find a feasible solution (Table 3) .
Average marginal economic (opportunity) costs of environmental flow requirements are supplied by model shadow values. Table 4 contains the monthly average marginal economic costs of selected environmental flow requirements in California as well as the monthly maximum over 72 years. These are the opportunity costs of environmental flows to urban, agricultural, and hydropower users of this water supply system. Even after a 12% total reduction in environmental flows to ensure feasibility, the opportunity cost of meeting environmental flow deliveries increase substantially with the extended drought; from hundreds to thousands of $/tcm for rivers and from tens to hundreds of $/tcm for ecological refuges. These opportunity costs of environmental flows illustrate the likelihood of increased water management controversy with such a drought.
One location where opportunity costs are especially relevant is the Sacramento River Delta which flows into the Bay of San Francisco, due to the large flow volume involved, its importance for facilitating north-to-south water transfers during drought, and the fragility of its infrastructure . Opportunity costs are largest during the summer irrigation season; and lowest in September, when environmental flow requirement are at their lowest (Error! Reference source not found.).
Changes in infrastructure value and hydropower production
With the severe drought, economic values for expanding surface storage capacity become zero as even existing reservoirs never fill. However, because of the generalized increase in water transfers under drought, enlarged conveyance infrastructure makes sense at several locations in California. Table 5 provides monthly average and monthly maximum marginal values of increasing conveyance capacity at selected canals, diversions and pipelines. The Colorado aqueduct has the highest value for more infrastructure due to its ability in the model to bring more water to southern California.
In a few cases, the marginal value of expanding conveyance capacity decreases due to reduced availability of water to convey.
Error! Reference source not found. shows monthly reservoir hydropower generation for the three scenarios. The paleodrought looses 60% of the state's hydropower production from water supply reservoirs when comparing both optimal scenarios, reflecting reductions in inflows.
DISCUSSION
Much of the great reduction in water available in the synthesized drought is from eliminating wet years when significant amounts of water are surplus to economic uses and "spill" from the system. This leads a 47% reduction in inflows to cause an order of magnitude increase in water scarcity and scarcity costs. The elimination of wet years especially tests the system's resiliency by not replenishing aquifer and reservoir storage.
To understand the implications of this study it is important to understand the assumptions and limitations behind the approach, as summarized below.
A disadvantage of the re-sampling approach is that the entire synthetic drought record contains no single year drier than the driest year on the historical record. For such a drought, it seems likely that some years would be drier than the driest year from the historical hydrologic record. California's Colorado River supplies were not reduced beyond current 5.4 km 3 /year (4.4 maf) supplies whereas this share might be reduced under such extreme circumstances. A further limitation is that sensitivity to the random ordering of dry years is not evaluated.
Specific technical limitations of the CALVIN model are discussed elsewhere [Draper, et al., 2003; Jenkins, et al., 2004] . The most significant drawbacks relate to the a) use of a network flow formulation that limits ability to represent important physical phenomena (e.g. stream-aquifer interaction, dynamic pumping costs, etc.) and grants perfect hydrologic foresight to the optimization, b) non-consideration of flood control and recreation benefits, and c) use of imperfect and simplified data. Generally, the approach and results of this study assume California water management is institutionally flexible enough to allow it to economically optimize water operations. While many water management and policy decisions are driven by economics, perfect economic rationality is unlikely to prevail. The onset of an extreme prolonged drought would require a period of structural and expectation adjustment for the society, economy, institutions, and water managers. This study describes optimal management attainable during the latter years of the drought, after water managers have realized the onset and implications of prolonged drought. Environmental impacts of such an extreme, sustained drought would be severe, probably locally catastrophic, and merit a separate study with an appropriate methodology.
CONCLUSIONS
A synthetic version of a geologically/dendrohydrologically inferred prolonged medieval drought is used to study potential water supply effects of abrupt climate change in California. A single set of synthetic drought hydrologic time series with half (53%) of historical inflows is built by resampling the driest years of the historical record. A hydro-economic optimization model is used to quantify economic and water management implications of the drought. Three scenarios were modeled: a constrained base case to represent current practices, an optimized historical run and an optimized drought scenario. Optimized scenarios assume pure economic optimization and pose no institutional constraints outside of ecological low flow limits.
Results for California's current water supply system showed that the economic cost of water scarcity under optimized drought management is roughly 5 times worse than the base case and 10 times worse than the optimally managed historical scenario. Scarcity costs were similar for the base case and drought scenarios, but they were an order of magnitude more than the optimized historical scenario. This implies scarcity costs even under efficient water management rise 10 fold under an approximate 50% reduction in inflows. Operating costs are always at least twice scarcity costs, indicating that scarcity costs under efficient management are not catastrophic on a statewide scale. Other indicators confirm the systems robustness under economically efficient management: desalination is not triggered at any time or place during the 72 year drought and wastewater reuse only increases by 40% as compared to the optimized historical scenario.
Lower inflows imply reduced use of surface water and groundwater storage and no value for expanding storage capacity. Conveyance capacities showed high value of expansion, particularly in southern California where low supplies are heavily managed (i.e. conveyed). Opportunity costs of environmental low flows rose by 1 or more orders of magnitude with the extreme drought, pointing towards the high stakes competition for water that is inevitable under a severe prolonged drought.
California's current water storage, conveyance and treatment infrastructure allows adapting to severe prolonged drought despite severe economic and water supply effects to many regions. In the best case, optimal state-wide trading allows the water supply system to function without a catastrophic disruption to the statewide economy. However, the agricultural sector and environmental uses would face severe disruptions, and might be catastrophic for local ecosystems and communities. Effective response to such a severe and prolonged drought would require considerable institutional flexibility and use of water markets or other forms of water reallocation. 
